Introduction
It is now established that cells frequently reduce the rate of translational initiation in response to stress as a protective mechanism. One particular form of stress imposed by dietary restriction of amino acids has attracted significant interest in recent decades because of its effect of extending lifespan of a wide-range of organisms, from Saccharomyces cerevisiae to Caenorhabditis elegans to Drosophila melanogaster to mammals (McCay et al., 1935; Klass, 1977; Partridge et al., 1987; Jiang et al., 2000; Kapahi et al., 2004; Kaeberlein et al., 2005) .
Inhibition of translational initiation in response to stress mostly occurs through two distinct regulatory mechanisms (Sonenberg and Hinnebusch, 2009 ). In one type, cells reduce the overall availability of methionine-charged initiator tRNAs to ribosomes. Molecularly, this can be achieved through stressactivated kinases that phosphorylate eIF2α, thereby inhibiting this translational initiation factor's normal role in helping the 40S ribosome subunit acquire methionyl initiator tRNA (Hinnebusch, 2014) . In a second type, another set of stress signals specifically inhibits ribosomes from loading onto the 5′ cap of mRNAs for translational initiation (Hu et al., 1994; Pause et al., 1994) .
Stress-activated kinases that phosphorylate eIF2α include GCN2, which is activated by amino acid deprivation (Wek et al., 1989; Dever et al., 1992) , and PERK, which responds to ER stress (Harding et al., 1999) . Although such conditions reduce the overall rate of translational initiation for most transcripts, a few cellular transcripts have unique 5′ UTRs with regulatory upstream open reading frames that allow them to paradoxically enhance the translation of the main open reading frame under those conditions (Palam et al., 2011; Malzer et al., 2013; Baird et al., 2014; Hinnebusch, 2014) . Among the best characterized are the 5′ UTRs of GCN4 of yeast and its metazoan equivalent, ATF4 (Dever et al., 1992; Harding et al., 2000; Kang et al., 2015) , which allow these proteins to be specifically synthesized upon eIF2α kinase activation and induce the transcription of several stress-responsive genes, including those involved in amino acid transport and antioxidation. In addition, ATF4 induces the expression of target genes that stimulate the dephosphorylation Reduced amino acid availability attenuates mRNA translation in cells and helps to extend lifespan in model organisms. The amino acid deprivation-activated kinase GCN2 mediates this response in part by phosphorylating eIF2α. In addition, the cap-dependent translational inhibitor 4E-BP is transcriptionally induced to extend lifespan in Drosophila melanogaster, but through an unclear mechanism. Here, we show that GCN2 and its downstream transcription factor, ATF4, mediate 4E-BP induction, and GCN2 is required for lifespan extension in response to dietary restriction of amino acids. The 4E-BP intron contains ATF4-binding sites that not only respond to stress but also show inherent ATF4 activity during normal development. Analysis of the newly synthesized proteome through metabolic labeling combined with click chemistry shows that certain stress-responsive proteins are resistant to inhibition by 4E-BP, and gcn2 mutant flies have reduced levels of stress-responsive protein synthesis. These results indicate that GCN2 and ATF4 are important regulators of 4E-BP transcription during normal development and aging.
4E-BP is a target of the GCN2-ATF4 pathway during Drosophila development and aging of eIF2α, thereby restoring the overall translation rate within hours (Harding et al., 2003; Marciniak et al., 2004; Han et al., 2013; Malzer et al., 2013) . As several different types of stressactivated eIF2α kinases activate this pathway, this pathway is often referred to as the integrated stress response.
Most eukaryotic mRNAs are translated after eIF-4E recognizes the 5′ cap of mRNAs to load the 40S subunit of the ribosome to mRNAs. A distinct set of stress response mechanisms reduces translation by inhibiting this process. Best characterized is 4E-BP, which directly binds eIF-4E (Hu et al., 1994; Pause et al., 1994) . In Drosophila, many cell types do not express 4E-BP under normal healthy conditions, underscoring the importance of regulation at the transcriptional level (Rodriguez et al., 1996) . In fact, various types of stress ranging from starvation to pathogen infection trigger the transcriptional induction of 4E-BP, and interestingly, such induction somehow enhances general stress resistance of cells (Bernal and Kimbrell, 2000; Zinke et al., 2002; Teleman et al., 2005; Tettweiler et al., 2005) . As an example, it has been shown that mild conditions of amino acid restriction in the diet induce 4E-BP expression, and under certain conditions, such induction mediates lifespan extension in Drosophila (Zid et al., 2009; Partridge et al., 2011) . Similarly, artificial activation of 4E-BP enhances the overall stress resistance and extends lifespan in Drosophila (Teleman et al., 2005; Tettweiler et al., 2005; Demontis and Perrimon, 2010) .
Although these observations establish 4E-BP's transcriptional induction as an important effector of dietary restriction and lifespan control, the underlying signaling pathway has remained unclear. Several in vivo Drosophila studies have suggested that the JNK-FOXO pathway is the primary regulator of stress-induced 4E-BP transcription (Jünger et al., 2003; Puig et al., 2003; Wang et al., 2005; Marr et al., 2007) . The literature also reports other possible mechanisms, some of which are mutually contradictory. These include a study indicating that PERK directly activates FOXO in Drosophila, and cell culturebased studies in mouse β-islet cells that PERK-ATF4 pathway can induce 4E-BP1 in response to ER stress (Yamaguchi et al., 2008; Zhang et al., 2013) . Initial studies in Drosophila suggested FOXO as an inducer of 4E-BP in response to starvation (Teleman et al., 2005; Tettweiler et al., 2005) , but more recent studies indicate that FOXO is not required for dietary restriction-induced lifespan extension or 4E-BP induction under these conditions (Giannakou et al., 2008; Min et al., 2008; Zid et al., 2009) . Thus, the relevant in vivo pathway that mediates 4E-BP induction upon dietary restriction remains unknown.
Here, we report that GCN2 and ATF4 mediate 4E-BP induction during normal Drosophila development and upon dietary restriction of amino acids. The 4E-BP intron has ATF4-binding sites that mediate such induction, and a reporter based on this enhancer shows endogenous ATF4 activity in healthy developing tissues, including fat body and adult intestinal stem cells. We find evidence that certain stressresponse transcripts have 5′ UTRs that are resistant to 4E-BP inhibition, and such evidence is further supported by directly analyzing the protein synthesis profile using an approach that combines metabolic labeling and azide-alkyne cycloaddition chemistry. In adult flies, reduced availability of yeast extract (YE) prolongs lifespan, and this effect is impaired when gcn2 is lost. These results indicate that the GCN2-eIF2α-ATF4 pathway is an important regulator of 4E-BP transcription in response to dietary restriction and during normal development of certain tissues.
Results

PERK and ATF4, but not FOXO, are required for 4E-BP transcription in response to ER stress
As in mammals, Drosophila ATF4 protein is induced either in response to ER stress, as imposed by tunicamycin (Tu) treatment ( Fig. 1 A) , or in response to the deprivation of specific amino acids in the culture media ( Fig. 1 B) . We became interested in the transcriptional regulation of 4E-BP while studying the ER stress response, which activates JNK markers in Drosophila (Kang et al., 2012) . Consistent with the idea that 4E-BP is induced by JNK and FOXO, Tu treatment induced 4E-BP within 4 h (Fig. 1 , C and D). However, such 4E-BP induction was unaffected by the knockdown of foxo. This led us to explore the alternative possibility that 4E-BP is regulated by ER stress-activated pathways, otherwise referred to as the unfolded protein response (UPR). In fact, we found that the specific knockdown of perk or atf4 in S2 cells blocked Tu-induced 4E-BP transcription. In contrast, 4E-BP induction was not blocked by the knockdown of ire1 or xbp1, which mediates another UPR branch (Fig. 1, C and D) .
We validated these results in vivo by using a mutant rhodopsin 1 (Rh-1) allele, Rh-1 G69D , whose product fails to fold properly in the ER and impose stress (Ryoo et al., 2007) . Expression of Rh-1 G69D through the eye-specific GMR-Gal4 driver strongly induced the 4E-BP-lacZ reporter, an enhancer trap line ( Fig. 1 E) , but such induction was abolished in the atf4 hypomorphic allele crc 1 over the null allele R6 (atf4 crc1/R6 ) background ( Fig. 1 F) . Consistent with the S2 cell culture results, Rh-1 G69D expression induced 4E-BP-lacZ even in the foxo Δ 94 −/− background ( Fig. 1 G) . These experiments indicate that the PERK-ATF4 branch of the UPR induces 4E-BP transcription in response to stress. ATF4 is required for 4E-BP transcriptional induction in response to amino acid deficiency 4E-BP transcription in Drosophila is strongly induced by amino acid deficiency in the diet, and most studies have focused on the role of FOXO, with conflicting results (Teleman et al., 2005; Tettweiler et al., 2005; Zid et al., 2009) . Because ATF4 is a common mediator of the integrated stress response, we considered ATF4 as an alternative candidate mediator of 4E-BP induction in response to amino acid deprivation. 4E-BP transcripts were strongly induced in S2 cells when cultured in a methionine-deficient media, and such induction was abolished when atf4 was knocked down (Fig. 2, A  and B ). As reported previously (Zinke et al., 2002; Teleman et al., 2005; Tettweiler et al., 2005) , second-instar larvae had very low basal levels of 4E-BP expression, but larvae reared in amino aciddeficient food (5% sucrose in PBS) for 18 h had elevated expression of 4E-BP protein, as detected through Western blot (Fig. 2 C) . We did not see an obvious reduction of 4E-BP levels in foxo Δ94 −/− larvae, but such induction was strongly impaired in the atf4 crc1 /R6 background (Fig. 2, C and D) . Immunolabeling experiments with 4E-BP-lacZ indicated that this reporter is most prominently induced in the anterior intestine upon as short as 4 h of amino acid deprivation ( Fig. 2 , F, H, and I). When the intestine-specific NP1-Gal4 driver (Fig. 2 G) was used to knock down atf4, starvation-induced 4E-BP-lacZ expression was impaired (Fig. 2 , J and K). Such effect was quantified through the measurement of pixel intensities from representative images (Fig. 2 F) . Together, these results indicate that ATF4 is a major mediator of 4E-BP induction in response to amino acid deprivation in Drosophila larvae.
The 4E-BP intron contains a regulatory element that is controlled by ATF4
To examine whether ATF4 regulates 4E-BP directly in Drosophila, we used the r-VIS TA genome browser (http :// genome .lbl .gov) and found four predicted ATF4 binding sites that are clustered in the first intron (Fig. 3, A and B ). Consistently, we found that the intron sequence drove the expression of the dsRed reporter when S2 cells were subjected to Tu treatment or when cultured in methionine-deficient media (Fig. 3 , C and D). The upstream intergenic regions, which harbor FOXObinding sites (Puig et al., 2003) , did not respond to Tu treatment (Fig. 3 C, lanes 4-6) . We mutated the putative Drosophila ATF4-binding sites within the intron reporter and found that the degree of reporter induction by stress was significantly reduced (Fig. 3 , C and E). Furthermore, knockdown of atf4, but not foxo, blocked the intron reporter induction (Fig. 3 , D and E), supporting the idea that ATF4 regulates 4E-BP induction through the intron enhancer. 
The ATF4-4E-BP pathway is inherently active in healthy tissues
Although ATF4 is mostly studied as a pathway that responds to exogenously imposed stress, Drosophila ATF4 is a developmentally essential gene (Hadorn and Gloor, 1943; Fristrom, 1965) , indicating that this pathway must be also active in normally developing tissues. To visualize those cells, we generated a Drosophila transgenic line harboring the 4E-BP intron driving a dsRed reporter (see Materials and methods). Reflecting the endogenous expression pattern of 4E-BP transcripts, the intron reporter activity remained low and limited to the salivary glands up until the second instar larval stage ( Fig. 4 A) . However, rearing second-instar larvae in food without protein (5% sucrose) for 6 h led to the induction of 4E-BP intron dsRed expression in parts of the intestine, gastric caeca, and proventriculus ( Fig. 4 , B and C). Such induction was impaired when atf4 was knocked down using the intestine specific NP1-Gal4, further supporting the role of ATF4 in mediating 4E-BP induction through the intron element ( Fig. 4 E) .
By the early third-instar larval stage, the most prominent 4E-BP intron reporter signal emerged in the larval fat body, and by the pupal stage, the reporter was ubiquitously expressed (Fig. 4 , A and F). We used fat body-specific cg-Gal4 lines to knock down candidate genes and confirmed their knockdown efficiency through quantitative RT-PCR ( Fig. S1 ). Under these conditions, knockdown of atf4 by driving RNAi (Vienna Drosophila Resource Center ID 109014) abolished 4E-BP intron re-porter expression in third-instar larvae (Fig. 4 , H and K). On the other hand, knockdown of foxo had no detectable effect on the reporter expression as expected by the specificity of the reporter (Fig. 4, G and J) . Mutation in the putative ATF4-binding sites of the 4E-BP intron reporter also abolished dsRed expression in the fat body (Fig. 4, I and L) . We also performed converse experiments in which we overexpressed candidate genes in early third-instar larval fat body. atf4 overexpression significantly enhanced the 4E-BP intron dsRed signal, but foxo overexpression did not show such effects (Fig. S2 ).
In the third-instar larval stage, 4E-BP transcripts are detected in selected tissues that include the fat body, testis, gut, and ring glands (Rodriguez et al., 1996) . 4E-BP-lacZ is an enhancer trap line whose reporter expression largely mirrors the mRNA distribution pattern (Rodriguez et al., 1996) . The 4E-BP intron dsRed reporter is active in a subset of tissues that express 4E-BP-lacZ, which includes the larval fat body, salivary glands, and the gastric caeca attached to the intestine (Fig. S3 , A, B, E, and H). The 4E-BP upstream dsRed reporter is also expressed in normally developing larvae, at lower levels and complementary to the intron dsRed reporter ( Fig. S3 , A, D, F, and G). The 4E-BP upstream dsRed reporter expression was not abolished in the foxo Δ94 −/− background, indicating that there are FOXO independent-regulatory inputs on the upstream element ( Fig. S4 ). On the other hand, the strict dependence of the 4E-BP intron dsRed reporter on ATF4 indicates that ATF4 signaling is active in certain tissues undergoing normal development. 
ATF4-4E-BP signaling in the adult intestinal epithelium
4E-BP intron dsRed is also expressed in adult flies ( Fig. 4 , M-P), and starvation enhanced the reporter signal, which was noticeable even under dissection microscopes ( Fig. 4 N) . In the intestinal epithelium of well-fed flies, the 4E-BP intron reporter signal was most prominent in intestinal stem cells (ISCs) and their immediate daughter cells, enteroblasts, which are present frequently in the posterior part of the intestine and are marked by escargot-GFP (esg-GFP; Fig. 4 O) . Detection of basal ATF4-4E-BP activity is consistent with our previous observation that loss of perk specifically in ISCs reduced their proliferation (Wang et al., 2015) . When adult flies were starved for 16 h, 4E-BP intron dsRed expression spread beyond the esg-GFP-positive ISCs/enteroblasts and into cells with larger nuclei that are indicative of enterocytes ( Fig. 4 P) .
GCN2 promotes 4E-BP induction under conditions of dietary restriction
We turned our attention to GCN2, an ATF4-upstream kinase whose role in the amino acid deprivation response is conserved in Drosophila (Malzer et al., 2010; Chakrabarti et al., 2012; Bjordal et al., 2014; Fig. 5 A) . Starvation of adult flies triggers an increase in 4E-BP transcripts, as detected by quantitative RT-PCR from dissected intestines and fat bodies ( Fig. 5 A) . Knockdown of gcn2 or atf4 using the intestine-specific mex-Gal4 driver or the fat body-specific cg-Gal4 driver suppressed such 4E-BP transcript induction in the respective tissues ( Fig. 5 A) . In the developing third-instar larva, gcn2 knockdown abolished the inherent 4E-BP intron dsRed expression, whereas neither a control lacZ RNAi nor perk RNAi showed any effect ( Fig. 5 , B-E). In adults, 4E-BP intron dsRed levels were low in flies fed with food that contains 4% YE ( Fig. 5 F) , but such dsRed signals were induced when the flies were reared in 0.25% YE food ( Fig. 5 G) . We conclude that gcn2 mediates this effect, as gcn2 knockdown with the mex-Gal4 driver impaired such reporter induction (Fig. 5 , I and J).
To further investigate the role of gcn2 in vivo, we generated loss-of-function alleles. Specifically, we deleted a 12-kb region that includes the gcn2 locus on the third chromosome (henceforth referred to as gcn2 FRT 12kb ), and in this background, a bacterial artificial chromosome clone containing either the wild-type gcn2 (referred to as gcn2 wt rescue ) or equivalent clones with deletions in the gcn2 coding sequence (gcn2 5′Δ rescue , gcn2 3′Δ rescue , and gcn2 Δ-1 rescue ) were reintroduced to a targeted locus on the second chromosome through the phiC31 integrase system ( Fig. 5 K; see also Materials and methods). The gcn2 mutants generated through this strategy (genotype: gcn2 mutant rescue ; gcn2 FRT 12kb −/− ) were homozygous viable and fertile under standard conditions of fly husbandry. When reared in food with low yeast content (0.25% YE), the wild-type rescued adults had elevated levels of 4E-BP protein as detected through Western blot ( Fig. 5 L, lane 2), but the gcn2 mutants (genotype gcn2 Δ-1 rescue ; gcn2 FRT 12kb −/− ) had comparatively reduced 4E-BP levels ( Fig. 5 L) . Although the gcn2 mutants were viable, they had smaller ovaries as compared with the wild-type control when reared in low-YE food (Fig. S5) , consistent with a recent study based on gcn2 RNAi (Armstrong et al., 2014) .
Loss of gcn2 impairs lifespan extension in response to dietary restriction
Wild-type flies show extended lifespan when reared with limited YE content in food, and under certain conditions, such effects are lost in the 4E-BP mutant flies (Tettweiler et al., 2005; Zid et al., 2009; Partridge et al., 2011) . This prompted us to test if the newly generated gcn2 mutant flies have altered lifespan extension under similar conditions. Two different types of food were used: high protein content (4% YE) and low protein content (0.25% YE). As expected, gcn2 mutant flies that were rescued with wild-type gcn2 transgene (genotype: gcn2 WT rescue ; gcn2 FRT 12kb −/− ) significantly extended median lifespan by 12 d when reared in food with reduced YE content (survival curve shown in Fig. 6 A; P < 0.0001). The wild-type and mutant gcn2 rescued flies had indistinguishable lifespan when reared in food with high yeast content. In contrast, the extent of lifespan extension in response to food with lower yeast content was reduced or mostly abolished in the three independent gcn2 mutant flies that were examined, as compared with wild-type rescued flies ( Fig. 6 B) . Median lifespan changes and the statistical analyses of these results are shown in Table S1 .
In addition to the lifespan analysis, we examined whether reduced protein in the diet can delay age-related diseases and whether any such effect requires gcn2. As a tool, we used a Drosophila model for autosomal-dominant retinitis pigmentosa, in which a mutant allele of the Rh-1 gene, ninaE G69D , causes age-related retinal degeneration (Colley et al., 1995; Kurada and O'Tousa, 1995) . An Rh-1>GFP reporter-based fluorescent pseudopupil assay was used to follow retinal degeneration (see Materials and methods). ninaE G69D/+ flies had their pseudopupils disappear beginning at 16 d, in a progressive manner, with only 20% of these flies showing intact pseudopupils at 32 d after eclosion ( mutant Rh-1 expression, as part of a preconditioning process or an additive effect of ATF4-mediated stress response.
Bicistronic assays suggest the presence of transcripts that evade suppression by 4E-BP
The presence of two translational inhibition steps in a pathway, triggered by eIF2α phosphorylation and 4E-BP induction, was intriguing as independent studies have shown that the overall attenuation of translation in the integrated stress response, as measured by 35 S-methionine incorporation, can be fully attributed to eIF2α phosphorylation (Harding et al., 1999; Marciniak et al., 2004; Han et al., 2013) . In contrast, a recent study found that a subset of transcripts remains inhibited in their translation even after eIF2α activity is restored, suggestive of a second node or translational inhibition with more selective effects (Preston and Hendershot, 2013) . Thus, we explored the possibility that 4E-BP exerts a more selective effect on translation. We specifically considered the possibility that 4E-BP cannot inhibit transcripts with internal ribosome entry sites (IRESs; Marr et al., 2007; Zid et al., 2009; Olson et al., 2013) . To test for the presence of IRESs in the stress-response transcripts, we first used the widely used "bicistronic assay," where the first cistron (renilla luciferase) is translated through a cap-dependent mechanism and the second (firefly luciferase) requires IRES activity (Fig. 7, A and C) . The 5′ UTRs of several ER stress-responsive genes were analyzed, and among these, those of EDEM2 and the RB splice isoform of BiP (annotated in FlyBase as hsp70-3 or hsc3) scored positive in this assay (Fig. 7, B and D) . The firefly values were comparable to a positive control, InR, which had been previously shown to contain IRESs (Marr et al., 2007; Olson et al., 2013) . In particular, we found that the RB isoform of BiP maintained firefly luciferase activity even when the constitutively active 4E-BP LLAA variant, which binds eIF-4E more efficiently and cannot be phosphorylated by TOR (Miron et al., 2003) , was overexpressed to inhibit cap-dependent translation (Fig. 7 D) .
Direct visualization of new protein synthesis through BON CAT identifies stress responsive genes that resist suppression by 4E-BP
To directly visualize new protein synthesis and validate the aforementioned results, we metabolically labeled newly synthesized proteins through bio-orthogonal noncanonical amino acid tagging (BON CAT). This method utilizes a methionine analogue, azidohomoalanine (AHA), which has a chemically reactive azide group that can be covalently conjugated to biotin-alkyne through the azide-alkyne cycloaddition click chemistry reaction (Dieterich et al., 2006) . This allows the AHA-containing peptides to be conjugated to biotin and visualized with a fluorophore-conjugated streptavidin or purified with streptavidin beads (Fig. 7 E) . We overexpressed 4E-BP LLAA and found that overall AHA labeling was reduced significantly ( Fig. 7 F, top) . To assess the effect on specific proteins, we affinity purified all AHA-labeled peptides with streptavidin agarose beads and probed the bound fraction with specific antibodies. We found that the synthesis of actin and β-tubulin was almost completely suppressed by 4E-BP LLAA , indicating that these transcripts strictly rely on eIF-4E-dependent translation (Fig. 7 F) . However, transcripts that are implicated to contain IRESs, such as BiP (Fig. 7 D) and Hsp70 (Hernández et al., 2004) , continued to be translated in the presence of active 4E-BP (Fig. 7, F and  G) . 4E-BP expression reduced BiP synthesis moderately, but not completely, and we speculate that this is because other splice isoforms of BiP do not contain IRES. Lifespan comparison between the wild-type gcn2 control and the three gcn2 mutant lines. When reared in 4% yeast food, no significant difference was observed. Specifically, the P values between the gcn2 WT and the gcn2 mutants alleles Δ-1, 5′Δ, and 3′Δ are P = 0.582, P = 0.375, and P = 0.027, respectively. However, in 0.25% yeast food, the gcn2 mutants have shorter lifespan than the wild-type control. The P values under these conditions between the wild-type and Δ-1, 5′Δ, and 3′Δ alleles are P = 0.012, P < 0.0001, and P = 0.001, respectively. (C) Quantification of age-related retinal degeneration in ninaE G69D/+ flies. Rh1-GFP signal from the pseudopupils of live flies were assessed. RNAi lines targeting either gcn2 or control white were expressed in the photoreceptors through the combined action of Rh1-Gal4 and GMR-Gal4 drivers. For each genotype, the graph shows the percentage of flies with intact pseudopupils (mean of at least five independent trials). Dietary restriction delays the course of retinal degeneration of ninaE G69D/+ flies (six independent trials, total number of flies analyzed = 258, P < 0.0001). In contrast, the beneficial effect on retinal degeneration by dietary restriction disappeared after gcn2 knockdown (five independent trials, total number of flies analyzed = 221, P = 0.16). Error bars show SE.
To further characterize the change in protein synthesis by GCN2 under dietary restriction, we analyzed the AHA-labeled proteome of wild-type and gcn2 mutants (gcn2 Δ-1 rescue ; gcn2 FRT 12kb −/− ) flies (see Materials and methods). When compared with wild-type flies (gcn2 WT rescue ; gcn2 FRT 12kb −/− ), there was a shift in the proteome in gcn2 mutant flies (gcn2 Δ-1 rescue ; gcn2 FRT 12kb −/− ; Fig. 8 and Table S2 ). Gene ontology (GO) term analysis indicated that 22% of the proteins that significantly decreased their synthesis in the gcn2 mutants were involved in oxidation reduction, 9% were involved in the generation of metabolic precursors, and 6% were involved in the electron transport chain (Table S3 ). These results are reminiscent of the translational profiling studies with 4E-BP mutants, which revealed that mitochondrial proteins were prominently affected in those mutants (Zid et al., 2009 ). Among the individual proteins that had reduced levels was BiP (heat shock 70-kD protein cognate 3, (F) Visualization of the newly synthesized proteome with streptavidin-IRDye800 (top gel, green). S2 stable cell lines were used to induce 4E-BP LLAA for 2 h and were metabolically labeled with AHA for 1 h before being "clicked" to biotin. The AHA-biotin-labeled proteome was further purified with streptavidin beads and probed with anti-BiP, anti-Hsp70, antiactin, and anti-β-tubulin antibodies (bottom). (G) Quantification of band intensities from three independent experiments. Error bars represent SD of mean. Figure 8 . Proteomic analysis of the newly synthesized proteins in gcn2 WT and gcn2 mutant flies. (A) Venn diagram for protein number identified from gcn2 WT rescue ; gcn2 FRT 12kb −/− (blue) and gcn2 Δ-1 rescue ; gcn2 FRT 12kb −/− flies (red). (B) Volcano plot of 1,376 proteins that were identified in both groups, with the log 2 value of ratio (gcn2 Δ-1 /gcn2 WT ) on the x axis and log 10 value of P values on the y axis. The red dot line indicates the P value of 0.05, and the blue dotted lines indicate the ratio of 1.5 (right line) and 0.67 (left), respectively. A full list of the peptides and GO term analyses can be found in Tables S2 and S3. isoform E, gcn2 mutant/wild type ratio of 0.9, P = 0.038 in Table S2 ), which scored positive in the IRES assay and was resistant to 4E-BP overexpression (Fig. 7, D, F, and G) . In contrast, levels of actin 5C and β-tubulin, which were sensitive to 4E-BP overexpression, did not change significantly (P = 0.262 and P = 0.350, respectively). These results indicate that GCN2 has a selective effect on gene expression and helps to extend lifespan upon dietary restriction.
Discussion
Previous studies had established the importance of 4E-BP transcription by FOXO in several distinct biological contexts, including the regulation of cell number, metabolism, response to oxidative stress, and cardiac function (Puig et al., 2003; Teleman et al., 2005; Marr et al., 2007; Wessells et al., 2009) . Alternative transcriptional regulatory mechanisms for 4E-BP and their biological significance have remained poorly characterized. Here, we show evidence that another pathway, mediated by GCN2 and ATF4, mediates the induction of 4E-BP transcription in response to the restriction of amino acids in the diet and during the development of specific tissues (summarized in Fig. 9 ). The specific data presented here include examination of 4E-BP protein through Western blot from starved larval extracts and examination of transcripts through quantitative PCR in cultured S2 cells, larvae, and adult tissues. Our new 4E-BP intron reporter, which responds to ATF4 activation, is widely expressed in Drosophila, indicating that ATF4 is a major mediator of 4E-BP induction during normal development as well as in response to dietary restriction of amino acids.
Our results also show that Drosophila gcn2 mutants have a shorter lifespan than wild-type controls when reared in food with low yeast content. These results are similar to what had been observed with mutants of C. elegans gcn2 (Rousakis et al., 2013) and yeast GCN4, an ATF4 equivalent gene in that organism (Steffen et al., 2008) . The Drosophila gcn2 mutant phenotype is also similar to the reported phenotype of 4E-BP mutant flies (Tettweiler et al., 2005; Zid et al., 2009; Partridge et al., 2011) . However, we have not examined through double-mutant analysis whether the two genes have a strictly linear genetic relationship in regulating lifespan. We point out that based on our current understanding, the two genes do not have a strictly linear relationship: GCN2-ATF4 has other transcriptional targets that also contribute to their phenotypes, and ATF4-independent regulatory inputs into 4E-BP exist, such as those mediated by FOXO and TOR. Thus, we speculate that the similar reported phenotypes of gcn2 and 4E-BP mutants on lifespan may be due to a broad effect of 4E-BP on other GCN2-ATF4 target gene expression, as 4E-BP's target, eIF-4E, is thought to be involved in the expression of most eukaryotic genes.
Emerging evidence indicates that 4E-BP is not indiscriminate in the inhibition of general translation. For example, ribosome profiling studies in mammalian cultured cells have found that 4E-BP1's effect on translation is highly selective, with some transcripts being highly sensitive to 4E-BP1 and others indifferent (Thoreen et al., 2012) . Accordingly, it appears that 4E-BP activation would have cells shift their overall protein synthesis profile. The data in this study are consistent with that view. Specifically, we find that BiP and other stress-responsive transcripts score positive in the IRES assay and are resistant to suppression by 4E-BP. We note that mammalian BiP also reportedly has an IRES element in its 5′ UTR (Yang and Sarnow, 1997) . Our finding that 4E-BP is a target of the UPR helps make sense of such an observation; IRES would help transcripts evade suppression by 4E-BP, whose expression level is high in stressed cells, allowing BiP to be expressed and help resolve stress. As 4E-BP activation results in a specific biological phenotype of enhanced stress resistance and lifespan extension (Tettweiler et al., 2005; Zid et al., 2009; Demontis and Perrimon, 2010) , it appears that the proteome shift brought on by 4E-BP favors stress-responsive gene expression.
In Drosophila, 4E-BP is widely understood as a transcriptional target of FOXO. However, the role of FOXO in mediating the effects of dietary restriction of amino acids has been disputed (Giannakou et al., 2008; Min et al., 2008; Zid et al., 2009) . Our own experiments presented in this paper show that the loss of foxo does not impair 4E-BP transcription, at least under conditions of amino acid restriction. Notably, we used a foxo mutant allele that is different from those used in the earlier studies on 4E-BP (Teleman et al., 2005; Tettweiler et al., 2005; Zid et al., 2009) . Although the earlier studies had used foxo 21/25 alleles with premature stop codons, recent studies indicate that full-length FOXO protein is still expressed in the foxo 25 mutants (Nechipurenko and Broihier, 2012) and might still retain DNA-binding activity (Slack et al., 2011) . Thus, it is possible that these alleles have neomorphic properties that may have led to results different from our current work. On the other hand, the foxo mutant allele that we used in this study has been validated to be a null allele (Slack et al., 2011; Nechipurenko and Broihier, 2012) . We point out that our negative result with the foxo mutant is mostly related to the amino acid deprivation response and does not contradict FOXO's known role in the induction of 4E-BP in other contexts.
In regards to the cellular response to amino acid deprivation, much focus had been placed on the TOR signaling pathway. It is interesting that the other amino acid-response pathway mediated by GCN2 leads to the transcriptional regulation of this TOR phosphorylation substrate. Our observation suggests that the two amino acid-responsive pathways work cooperatively. 
Materials and methods
Fly strains
All Drosophila stocks were raised on standard cornmeal medium at 25°C. Genes were misexpressed in Drosophila eye imaginal discs using standard Gal4/UAS system (Brand and Perrimon, 1993) . The following lines have been previously described: GMR-Gal4 (Hay et al., 1994) , NP1-Gal4 (provided by E. Baehrecke, University of Massachusetts Medical School, Worcester, MA; Zaidman-Rémy et al., 2006) , UAS-Rh-1 G69D (Kang et al., 2012) , UAS-dicer2 (Dietzl et al., 2007) , thor k13517 (4E-BP-lacZ) and thor 2 (provided by D. Kimbrell, University of California, Davis, Davis, CA; Bernal and Kimbrell, 2000) , foxo Δ94 (from L. Partridge, University College London, London, England, UK; Giannakou et al., 2008) , and atf4 crc1 and atf4 R6 (provided by R. Hewes, University of Oklahoma, Norman, OK; Hewes et al., 2000) . The gcn2 FRT 12kb allele, which deleted the 12-kb region surrounding gcn2, was generated through the FLP-FRT-mediated chromosome deletion technique (Parks et al., 2004) , using FRT elements within PBac{PB} CG1607 c05674 and PBac{PB}CG11337 c02097 lines. The deletion was confirmed through genomic PCR. One specific line (excision 47) was selected to derive all gcn2-specific mutant strains (see Molecular cloning) to ensure identical genetic background.
Molecular cloning
To make the rescue constructs, gcn2 WT (as depicted in Fig. 3) , a 20-kb genomic DNA covering the reference genome sequence from 31390122 to 31410205, was cloned from the CH322-20H13 bacterial artificial chromosome clone (Pacman Resources) into attB-P[acman]-Ap R through the recombineering technology (Venken et al., 2006) . To generate the gcn2 deletion mutants for the equivalent construct, we used a galK replacement method (Venken et al., 2006) . gcn2 5′Δ rescue deletes 1,375 bp of sequences from exons 5 to 8 (which spans a sequence that encodes the kinase domain). gcn2 3′Δ deletes 1,040 bp of sequences encoding the tRNA binding domain from exons 8 to 9. gcn2 Δ-1 rescue deletes from the ATG start codon of the first exon to the stop codon in the last exon. The following oligonucleotides were used to generate homology arms for cloning the GCN2 locus: GCN2 WT _LA1_MluI-R: 5′-ACG CGT GCT ATT GCC TTC TGG ACC AT-3′; GCN2 WT _RA1_MluI-F: 5′-ACG CGT GAG ATG CTA TTT ATA AAC-3′; GCN2 WT _RA1_Spe-R: 5′-ACT AGT CCA ACA TCA AAT GCA TAGA-3′; GCN2 WT _LA2_SpeI-F: 5′-ACT AGT TTC TGC ATT AAA TCT CCGG-3′.
The following oligonucleotides were used to generate the GCN2 deletion constructs, as part of the galK replacement strategy: GCN2 Δ-1 rescue _F: 5′-CAC CCA GAT GTA GCC AAG ACT TAT CCA CTA ACC GGA GAT TTA ATG CAG AAC CTG TTG ACA ATT AAT CAT CGG CA-3′; GCN2 Δ-1 rescue _R: 5′-ATC GGC TGG TCT ACT AAG TAG TTC AGC CGA TTC TAT GCA TTT GAT GTT GGT CAG CAC TGT CCT GCT CCTT-3′; GCN2 5′Δ rescue _F: 5′-GCA CTG GAT CCG CCA TGC CGT A CC AGA TAC CGA CAC TGG CCC TAA GCC AAC CTG TTG ACA ATT AAT CAT CGG CA-3′; GCN2 5′Δ rescue _R: 5′-GCA ACT AGG TTC TTG TAG GCC TTG CTC TGC GGA TTA AGC GAG GGC GTG ACG TCA GC A CTG TCC TGC TCC TT-3′; GCN2 3′Δ rescue _F: 5′-TCG ATG ATA TAG TAT CCC TGA ACC CAG TGA TTG AGT TTG TTA AGG CTA AGC CTG TTG ACA ATT AAT CAT CGG CA-3′; GCN2 3′Δ rescue _R: 5′-GCC CGA CAA TCC TTA GCG TAT TCC ACA CCA ACA GCA GCT ACC AGC TTG TCT CAG CAC TGT CCT GCT CCTT-3′.
The derived constructs were inserted into a specific site at the chromosomal location 25C6 (available through Bestgene Inc., attP40, 25C6 site), using PhiC31 integrase-mediated site-specific transgenesis (Bischof et al., 2007) . The resulting lines backcrossed to a laboratory w1118 strain for eight generations were then crossed into the background of gcn2 FRT 12kb line (specifically excision 47) to generate gcn2-specific mutants. To generate the upstream 4E-BP/dsRed reporter (Fig. 1) , a 1.6-kb intergenic sequence between thor (4E-BP) and pgant4 was amplified through genomic PCR and subcloned into the pRed H-stinger vector that has a dsRed reporter (Barolo et al., 2004) . As for the 4E-BP intron reporter, the 0.42-kb of intron of thor (the sequence shown in Fig. 1 F) was similarly subcloned into the pRed H-stinger.
Immunohistochemistry and Western blots
All fluorescent images were obtained with LSM510 and LSM700 confocal microscopes (ZEI SS), using ×20 objective lenses. The following antibodies were used: monoclonal anti-Rh-1 (1:500 for immunohistochemistry; Developmental Studies Hybridoma Bank, University of Iowa), mouse anti-profilin (1;1,000 for Western blot; Developmental Studies Hybridoma Bank, University of Iowa), anti-dsRed (1:500 for immunohistochemistry, 1:2,000 for Western blot; Takara Bio Inc.), rabbit anti-4E-BP(thor) antibody (Olson et al., 2013) , guinea pig anti-BiP (Ryoo et al., 2007) , anti-Hsp70 (Abcam), and rabbit anti-lacZ (1:2,000 for tissue-labeling; Molecular Probes) antibodies. Guinea pig anti-ATF4 was first used elsewhere (Kang et al., 2012) , but the description of the antibody was omitted in that study. In brief, full-length His-tagged Drosophila ATF4 protein was expressed in Escherichia coli BL21 cells, purified, and injected into guinea pigs to generate a polyclonal antibody. After affinity purification against recombinant His-ATF4, the antibody was used at 1:100 dilution for Western blot using standard protocols.
Cell culture and cell transfection
Drosophila S2 cells were grown in Schneider's medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen). To grow S2 cells stably transfected with pMT-4E-BP LLAA , we used 5% fetal bovine serum, because of trace levels of metals in the serum that led to leaky expression of the MtnA promoter. Cells were transfected using Effectene (QIA GEN). To knock down genes, double-stranded RNA (dsRNA) was generated following the protocols of flyrnai.org. The following oligonucleotide sequences were used to generate T7-promoter-containing amplicons: Ire1-R 5′-TAA TAC GAC TCA CTA TAG GGC AAA AGC AGA GCG AGA ATG-3′; Ire1-S 5′-TAA TAC GAC TCA CTA TAG GGT TAA TGT CGC GAT GCA CAA-3′. xbp1-R 5′-TAA TAC GAC TCA CTA TAG GGC AGC AGC ACA ACA CCA GA-3′; xbp1-S 5′-TAA TAC GAC TCA CTA TAG GGT GTG GGT TTC CAT TTA TCT TCA-3′ (517 bp); PERK-R 5′-TAA TAC GAC TCA CTA TAG GGT GGC ACA AGG AGG GGA AC-3′; PERK-S 5′-TAA TAC GAC TCA CTA TAG GGG CAC CAC TGG ACC TAG TAAA-3′ (495 bp); ATF4-R 5′-TAA TAC GAC TCA CTA TAG GGG CGG TGT AGA GGA TCG AAAG-3′; ATF4-S 5′-TAA TAC GAC TCA CTA TAG GGC ACT GTC CGA TTT GCA GAAA-3′ (553 bp); FOXO(DRSC15463)-R 5′-TAA TAC GAC TCA CTA TAG GGA TGA TGG ACG GCT ACGC-3′; FOXO(DRSC15463)-S 5′-TAA TAC GAC TCA CTA TAG GG ATT GCT GGC CTT TGT ACTG-3′.
For RNAi in cultured cells, we followed a previously described protocol (Ryoo et al., 2007) , with two rounds of transfection at day 1 and 4 to enhance knockdown efficiency. The RNA was extracted for RT-PCR at day 9. To induce hyperactive 4E-BP, we used cells that were stably transfected with pMT-4E-BP LLAA , which is inducible by the addition of Cu 2+ .
Metabolic labeling with AHA
To assess the effect of 4E-BP overexpression, 4E-BP LLAA was induced in S2 cells stably transfected with pMT-4E-BP LLAA with 0.5mM copper sulfate for 2 h in methionine-free Schneider's medium to enable AHA uptake. The cells were then labeled with 4 mM AHA (Anaspec) for 1 h. AHA-labeled proteins in the extracts were clicked to biotin-PEG4 alkyne (Invitrogen) using the manufacturer's protocols.
AHA-conjugated peptides were further enriched by incubation with Streptavidin-agarose (Thermo Fisher Scientific) followed by rigorous washing with PBS-Tween (0.5%). The bound fraction was collected by boiling the beads in sample buffer and analyzed by Western blotting with Streptavidin-IRDye 800 (Rockland Immunochemicals), guinea pig anti-BiP (1:1,000), mouse anti-Hsp70 (Abcam), mouse antiactin (EMD Millipore), and mouse antitubulin (Abcam).
BON CAT and proteomic analysis
For BON CAT analysis in adult flies, 2-to 3-d-old wild-type (gcn2 WT rescue ; gcn2 FRT 12kb −/− ) or gcn2 mutant male flies were fed with low-protein-content food with 0.25% YE for 2 d. The next day, flies were fed with low-protein-content food supplemented with 4 mM AHA. After 24 h, whole flies were extracted with a urea buffer (8 M urea, 200 mM Tris, pH 8.4, 4% CHA PS, 1 M NaCl, and protease inhibitor), sonicated to reduce viscosity, and centrifuged at 10,000 g for 5 min. Next, we used a Bradford assay to quantify the protein content. Equal amount of proteins from mutant and wild-type extracts were used as input. AHA-labeled proteins were cross-linked covalently to alkyne agarose beads using reagents provided by Click Chemistry Capture kit (Click Chemistry Tools). Beads were washed with a SDS wash buffer (1% SDS, 100 mM Tris, 250 mM NaCl, and 5 mM EDTA, pH 8.0), and proteins on beads were reduced with DTT at 70°C and alkylated with iodoacetamide at RT. To remove nonspecifically bound proteins, the beads then were washed with 5 × 2 ml SDS wash buffer, 10 × 2 ml urea buffer (8M urea and 100 mM Tris, pH 8.0), and 10 × 2 ml of 20% acetonitrile. Cross-linked proteins were digested with trypsin on-resin at 37°C overnight in digestion buffer (100 mM Tris, pH 8.0, 2 mM CaCl 2 , and 10% acetonitrile), and the tryptic peptides were desalted using Sep-PAC C-18 cartridge (WAT054955; Waters) and dried under vacuum in a SpeedVac.
Peptide separation was performed using Dionex UltiMate 3000 RSLCnano system (Thermo Fisher Scientific). Tryptic peptides from bead column were reconstituted using 0.1% formic acid and separated on a 50-cm Easy-Spray column with a 75-µm inner diameter packed with 2 µm C18 resin (Thermo Scientific) over 120 min (300 nl/min) using a 0 to 45% acetonitrile gradient in 0.1% formic acid at 50°C. The liquid chromatography was coupled to a Q Exactive mass spectrometer with a nano-electrospray ionization source. Mass spectra were acquired in a data-dependent mode with an automatic switch between a full scan with five data-dependent tandem mass spectrometry (MS/MS) scans. The target value for the full scan MS spectra was 3,000,000 with a maximum injection time of 120 ms and a resolution of 70,000 at m/z 400. The ion target value for MS/MS was set to 1,000,000 with a maximum injection time of 120 ms and a resolution of 17,500 at m/z 400. Dynamic exclusion of repeated peptides was applied for 20 s. Resulting raw files were processed using MaxQuant (version 1.5.2.8) for identification with the database of Drosophila melanogaster (2014.12.18 version, 20049 entries; UniProt) . Samples from biological duplication for each set were loaded as each experiment. The search parameters were set as default including cysteine carbamidomethylation as a fixed modification, N-terminal acetylation, methionine oxidation phosphoserine, phosphothreonine, and phosphotyrosine as variable modifications with two miscleavages. Peptide identification was based on a search with an initial mass deviation of the precursor ion of up to 10 ppm, and the allowed fragment mass deviation was set to 20 ppm. The peptide-spectrum match false discovery rate, protein false discovery rate, and the site decoy fraction were set to 0.01. The minimal scores for unmodified and modified peptides were 0 and 40, respectively. The minimal delta scores for unmodified and modified peptides were 0 and 17, respectively. The minimum of unique and razor peptides for identification was set to 1. For the label-free quantitation, "LFQ method" was chosen with minimum ratio count to be 1.5. LFQ intensity from each group were tested with a t test to find statistically differential expressed proteins, and proteins showing P < 0.05 were chosen for gene ontology analysis using DAV ID bioinformatics tool (https ://david .ncifcrf .gov).
Nutrient restriction on Drosophila larvae
Crosses were performed in cages with apple-juice plates (25% [vol/ vol] apple juice, 1.25% [wt/vol] sucrose, and 2.5% [wt/vol] agar) supplemented with active yeast paste. Larvae were collected ∼47-49 h after egg laying and transferred to standard cornmeal food (5.9% wt/vol glucose, 6.6% cornmeal, 1.2% baker's yeast, and 0.7% agar in water) or to nutrient restricted medium (5% sucrose and 1% agar in PBS) for 4 or 18 h at 25°C.
Lifespan analysis
Newly hatched flies were collected within 18 h at 18°C and transferred to YE food (8.6% cornmeal, 5% sucrose, 0.46% agar, 1% acid mix, and YE; 212750 Bacto Yeast Extract; BD; Zid et al., 2009 ) at a density of ∼100 flies in a cage. Flies were transferred to fresh food every 2 d and death scored on those days at 25°C.
Analysis of retinal degeneration
ninaE G69D/+ flies had Rh1-GFP in the background that fluorescently marked their photoreceptors. Those with regular array of photoreceptors showed deep pseudopupil pattern of GFP. The loss of such green fluorescent pseudopupil was used as an indication of retinal degeneration in live flies. In addition to the knock down of the indicated genes through the combined action of GMR-Gal4 and Rh1-Gal4, all flies expressed an RNAi line against the white gene to eliminate eye pigments, which may otherwise affect the course of retinal degeneration. These flies were selected and reared in indicated food vials (15-20 flies in each vial) in permanent light at 25°C. The vials were changed frequently to avoid mixing the flies with eventual progeny. The quantification of pseudopupils was performed on a pad under blue fluorescent light after anaesthetizing the flies with CO 2 .
Bicistronic assay 5′ UTRs of selected UPR genes were amplified by PCR and cloned into a previously described biscistronic reporter plasmid containing the renilla and firefly luciferase open reading frames (Marr et al., 2007) . Drosophila S2 cells were maintained in Schneiders medium supplemented with 10% FBS. Cells were split 48 h before beginning the experiment. On the day of the experiment cells were counted and diluted to 1X10E6 per milliliter, 0.5 ml of cells was added to each well of a 24well plate, and the cells were allowed to attach. A transfection cocktail was prepared containing 1 µg expression construct (either pACdsRED or pAC4EBP) and 0.2 µg of the respective bicistronic reporter plasmid in 150 µl EC buffer. 8 µl enhancer was added, followed by 5-min incubation at RT. Then, 18 µl Effectene was added, followed by 15-min incubation at RT. Finally, 1.2 dml complete media was added to the cocktail. Media was removed from the cells and replaced by 400 µl of the transfection cocktail. Renilla and firefly luciferase was measured 48 h later using a Promega dual luciferase assay. Each condition was assayed in triplicate. The following oligonucleotides were used to subclone the 5′ UTRs : MB910: 5′-CTC CAT GGC TCA TTA CCC CAA CTC TTC TAG-3′, Xbp1 5′ UTR for (NncoI); MB911: 5′-CTC CAT GGG TGC CAT GTT TAA CTG GTTC-3′, Xbp1 5′ UTR REV (NcoI); MB912:
5′-CTC CAT GGA AGA TAA TTC ACC ATC TGG TAGC-3′, HRD1 5′UTR for (NcoI); MB913: 5′-GCG CCA TGG AAA CGG ACG ATA AGAG-3′, HRD1 5′ UTR REV (NcoI); MB914: 5′-CTC CAT GGA TTC CAA CAC TCA TTA CCG TTCC-3′, ATF4 5′ UTR forward (NcoI); MB915: 5′-GGC AAC TGC AAG CTC TCC ATG GTT-3′, ATF4 5′ UTR REV (NcoI); MB916: 5′-CTC CAT GGA AAT TAC TAT TAT AGT ATA TAT TG-3′, ATF6 5′ UTR for (NcoI); MB917: 5′-GAT GTC CAT GGC TAA TCG GCC ATAG-3′, ATF6 5′UTR rev (NcoI); MB918: 5′-CTC CAT GGC AGC TGG TCA CAC TGA GGG TGC-3′, EDEM2 5′ UTR for (NcoI); MB919: 5′-CTC CAT GGT GCT GGC TAT CTG GAG ACT AC-3′, EDEM2 5′ UTR rev (NcoI); MB920: 5′-TAC CAT GGA CTT CAT ATT GAA GAT CTC-3′, Hsc3 reverse (NcoI); MB921: 5′-CTC CAT GGA GTT GCC GGG CAG TTA GCC ATT GG-3′, Hsc-RC for (NcoI); MB922: 5′-CTC CAT GGA TCG ACA CGT CAG TGG TAG GTG AGAG-3′, Hsc-RB for (NcoI); MB923: 5′-CTC CAT GGA AAA ACG TCA GAT AAG CAG CAG CCAC-3′, Hsc-RD for (NcoI); MB924: 5′-CTC CAT GGA AAA ACG TCA GAT AAG CAG CAG CC-3′, Hsc-RA for (NcoI).
RT-PCR and quantitative real-time RT-PCR
Total RNA was isolated using TRIzol Reagent (Invitrogen), and 200 ng total RNA was used for reverse transcription with the SuperScript First-Strand Synthesis System (Invitrogen). The following primer sequences were used: Thor-F 5′-GCT AAG ATG TCC GCT TCA CC-3′; Thor-R 5′-CCT CCA GGA GTG GTG GAG TA-3′; CG16974-F 5′-CTT AAC TGC GAG CAT GTG GA-3′; CG16974-R 5′-CGT GGA AGC TCA GTC AAC AA-3′; Thor175F 5′-CAG CTA AGA TGT CCG CTT CA-3′; Thor260R 5′-ATC CGA GAT GAC AAC CTT CC-3′; Rp49-F 5′-AGA TCG TGA AGA AGC GCA CCA AG-3′; Rp49-R 5′-CAC CAG GAA CTT CTT GAA TCC GG-3′; PERK857F 5′-GCC AGC TGC TGT ATG AAT GT-3′; PERK936R 5′-CCT AAT GGT GTC GTC GAT TG-3′; gcn2_1644F 5′-CCC TGG TGG AGA GTT TGA TGC-3′; gcn2_1708R 5′-GTT ACA CTT GTC TAC AAA GTCG-3′; ATF4_586F 5′-TCG CAA AAG TTG GTT AAA CG-3′; ATF4673R 5′-TCC GTA GGA TTC AAC TGC TG-3′; Foxo340F 5′-ACC GGC AAA ATC AAC AAT TT-3′; Foxo416R 5′-TGT TTG CAA TGG GAA ATA GC-3′.
Online supplemental material Figure S1 shows the knockdown efficiency of the RNAi lines in the developing fat body. Figure S2 shows that overexpression of atf4, but not foxo, induces 4E-BP intron reporter. Figure S3 shows a comparison of the expression patterns between 4E-BP-lacZ, 4E-BP upstream dsRed, and 4E-BP intron dsRed. Figure S4 shows 4E-BP upstream dsRed reporter in the foxo mutant background. Figure S5 shows Drosophila ovaries in gcn2 −/− flies. Table S1 is a summary of changes in lifespan and their statistical significance in adult flies reared with or without dietary restriction. Table S2 shows the relative fold change of newly synthesized peptides in control versus gcn2 mutant flies. Table  S3 shows GO enrichment by the DAV ID functional annotation tool.
